Hemozoin (HZ) is an insoluble crystal formed in the food vacuole of malaria parasites. HZ has been reported to induce inflammation by directly engaging Toll-like receptor (TLR) 9, an endosomal receptor. ''Synthetic'' HZ (␤-hematin), typically generated from partially purified extracts of bovine hemin, is structurally identical to natural HZ. When HPLC-purified hemin was used to synthesize the crystal, ␤-hematin had no inflammatory activity. In contrast, natural HZ from Plasmodium falciparum cultures was a potent TLR9 inducer. Natural HZ bound recombinant TLR9 ectodomain, but not TLR2. Both TLR9 stimulation and TLR9 binding of HZ were abolished by nuclease treatment. PCR analysis demonstrated that natural HZ is coated with malarial but not human DNA. Purified malarial DNA activated TLR9 but only when DNA was targeted directly to the endosome with a transfection reagent. Stimulatory quantities of natural HZ contain <1 g of malarial DNA; its potency in activating immune responses was even greater than transfecting malarial DNA. Thus, although the malarial genome is extremely AT-rich, its DNA is highly proinflammatory, with the potential to induce cytokinemia and fever during disease. However, its activity depends on being bound to HZ, which we propose amplifies the biological responses to malaria DNA by targeting it to a TLR9 ؉ intracellular compartment.
Hemozoin (HZ) is an insoluble crystal formed in the food vacuole of malaria parasites. HZ has been reported to induce inflammation by directly engaging Toll-like receptor (TLR) 9, an endosomal receptor. ''Synthetic'' HZ (␤-hematin), typically generated from partially purified extracts of bovine hemin, is structurally identical to natural HZ. When HPLC-purified hemin was used to synthesize the crystal, ␤-hematin had no inflammatory activity. In contrast, natural HZ from Plasmodium falciparum cultures was a potent TLR9 inducer. Natural HZ bound recombinant TLR9 ectodomain, but not TLR2. Both TLR9 stimulation and TLR9 binding of HZ were abolished by nuclease treatment. PCR analysis demonstrated that natural HZ is coated with malarial but not human DNA. Purified malarial DNA activated TLR9 but only when DNA was targeted directly to the endosome with a transfection reagent. Stimulatory quantities of natural HZ contain <1 g of malarial DNA; its potency in activating immune responses was even greater than transfecting malarial DNA. Thus, although the malarial genome is extremely AT-rich, its DNA is highly proinflammatory, with the potential to induce cytokinemia and fever during disease. However, its activity depends on being bound to HZ, which we propose amplifies the biological responses to malaria DNA by targeting it to a TLR9 ؉ intracellular compartment.
fever ͉ immunomodulator ͉ parasitic diseases M alaria infection affects hundreds of millions of people annually, and is an important cause of morbidity and mortality in tropical countries (1) . No effective prophylactic vaccine is available, and chemotherapeutic treatment of large populations of infected individuals is, under current socioeconomic conditions, not possible. Little is known about the innate immune response to malaria infection (2) . The life cycle of the Plasmodium parasite occurs primarily within erythrocytes. Typically, the rupture of parasitized erythrocytes is accompanied by the onset of symptoms like fever and rigors, which are due to the systemic release of proinflammatory cytokines (3, 4) . However, it remains a contentious issue to define the component of the malaria-infected erythrocyte that is responsible for these events. Both host-derived and pathogen-derived molecules have been proposed as the cytokine-inducing ''malaria toxin. '' Infected erythrocytes contain both the parasite and an abundant amount of malaria-derived debris. During the intraerythrocytic stage, parasites digest hemoglobin in the food vacuole, resulting in the production of potentially toxic heme metabolites (5) . To protect itself from oxidative damage, the parasite has developed a detoxification process that converts heme into an insoluble crystal called hemozoin (HZ) (6) . Synthetic HZ, hereafter referred to as ␤-hematin, is made from blood extracts enriched in hemin and forms rapidly at 60°C in acetate buffer. ␤-Hematin is chemically and structurally identical to HZ (7) . Both natural HZ and ␤-hematin have been reported to induce inf lammatory responses both in vitro and in vivo (8 -11) .
During infection, the concentration of HZ after erythrocyte rupture may be as high as 100g/ml (12) , but it is rapidly cleared from the circulation by the liver and spleen because of its particulate nature. As a result of its high concentration in immune tissue, HZ has been suggested to contribute to systemic inflammatory immune responses during malaria infection.
Toll-like receptors (TLRs) are central components of the innate immune system (13, 14) . TLRs have been demonstrated to be involved in the recognition of constituents of protozoan parasites (15) . The best studied parasitic molecules that engage TLRs include glycosylphosphatidylinositol (GPI) anchors, which activate host cells primarily through TLR2 (16) . Indeed, GPI from Plasmodium falciparum have been reported to interact with immune cells through the activation of TLR2 and TLR4 (17) . Blood-stage parasites have been shown to activate plasmacytoid dendritic cells (18) . Furthermore, MyD88-null mice have a decreased production of IL-12 and less severe pathology than WT control mice (19) . In human disease, polymorphisms in TLRs 2, 4, and 9 affect outcome (20) . Finally, a Mal S180L polymorphism dramatically decreases mortality and morbidity (Luke O'Neill, personal communication). Thus, it is likely that malaria pathogenesis involves the engagement of TLRs.
In this study, we investigated whether activation of cells from the innate immune system by ␤-hematin (i.e., synthetic HZ) and natural HZ involves recognition by TLRs. We report that ␤-hematin is immunologically inert, whereas natural HZ activates cells of the innate immune system, similar to a report by Coban et al. (21) . In sharp contrast to these authors, we found that the natural HZ crystal itself is not a ligand for TLRs. Rather, HZ functions as a carrier for malarial DNA, which, as a consequence of being bound to HZ, is targeted to TLR9. As a result of its association with HZ, malarial DNA changes in character from a benign, nonstimulatory molecule to a toxic, highly inf lammatory one.
Results
Highly Pure ␤-Hematin Has No Intrinsic Stimulatory Activity. We synthesized ␤-hematin using two different sources of hemin. A crude bovine hemin preparation was guaranteed by the manufacturer to be 80% pure, although LC-mass spectroscopy analysis demonstrated that hemin accounted for only 65% of the mass. A second commercial preparation was HPLC-purified; LC-mass spectroscopic analyses failed to detect impurities (data not shown). We found that ␤-hematin from the first preparation of hemin was active at concentrations Ͼ100 g/ml in HEK293/ CD14/TLR2 cells. In contrast, ␤-hematin derived from HPLCpurified hemin had no activity at any concentration (data not shown). Similarly, FLT3-L-derived mouse dendritic cells (FL-DCs) responded to the ␤-hematin derived from the crude hemin. No significant responses were observed from cells stimulated with ␤-hematin made from HPLC-purified hemin (Fig. 1) . We conclude that the ''immune activity'' of ␤-hematin was caused by contaminants from the crude bovine hemin.
Natural HZ Activates Cells to Produce Proinflammatory Cytokines and
Chemokines Through TLR9 and MyD88 Because of the Presence of DNA. We purified HZ from P. falciparum cultures to determine whether natural HZ has inflammatory properties. This technique involves passing malaria-infected blood through a strong magnetic field. Once the blood has passed through, the column is washed extensively, and the retained HZ is eluted after removing the magnet. HZ ''purified'' in this way is not a pure naked crystal: when boiled in loading buffer and analyzed by SDS/PAGE, a ladder of Coomassie-stained proteins was observed (data not shown).
We used natural HZ to stimulate FL-DC. We observed strong stimulation of IL-12p40 (Fig. 1B) and Rantes (data not shown). Dendritic cells from TLR9 and MyD88 knockout mice failed to respond to HZ, whereas TLR2-null cells responded comparably to WT cells (Fig. 1B) . These results confirm that natural HZ engages the TLR9/MyD88 pathway (21) . We also confirmed that HZ, unlike CpG DNA (A-class oligonucleotides) and poly I:C, failed to induce the production of IFN␣ (Fig. 1C) .
Unlike previous reports, we found that the activity of HZ was abolished by nuclease digestion ( Fig. 2A) , although the HZ crystal remained intact. When we inhibited the enzymatic activity of S7 nuclease with EDTA, we prevented the inactivation of HZ as a TLR ligand. RNase had no effect on HZ activity whatsoever. As additional controls, we tested the ability of DNase and RNase to inhibit the activity of A-class CpG oligonucleotides and poly I:C (Fig. 2B) . Finally, we found that when HZ was mixed with glycerol and gently sonicated, associated genomic DNA could be observed on an ethidium-stained gel (data not shown). We conclude that the TLR9-inducing activity of HZ is due to contaminating DNA. (Fig. 3A) . TLR9 binding was entirely eliminated when HZ was pretreated with the nuclease S7, consistent with the concept that TLR9 binds surface DNA and not to the HZ crystal itself. Both TLR2:Fc and TLR9:Fc bound to their established ligands (Fig. 3B) .
The DNA on the Surface of HZ Is Malarial in Origin. To determine the source of the DNA on HZ, we used HZ as a template in a PCR, using established primer sets from the human, mouse, and P. falciparum genomes (24) . Mouse CD14 primers and mouse genomic DNA were also examined because of the possibility that HZ might inhibit the PCR. The results of this experiment, shown in Fig. 4A , show clearly that the DNA on the surface of HZ is almost exclusively from the parasite. Extremely small amounts of human DNA were amplified in comparison with malarial DNA, although the human primers were highly efficient at amplifying TLR7 and TRAM from purified human genomic DNA. HZ did not inhibit the ability of mouse CD14 primers to amplify mouse genomic CD14. Hence, the DNA on HZ appears to be malarial in origin.
Malarial DNA Activates TLR9, and HZ Effectively Traffics Malarial DNA into a TLR9-Positive Compartment. Typically, stimulatory DNAs are rich in CpG motifs (25) . The malaria genome is one of the most AT-rich genomes sequenced to date (26) . Thus, the concept that HZ stimulated cells by presenting malaria DNA to TLR9 seemed potentially flawed, and it was important to determine whether malaria DNA truly had the capacity to activate innate immune responses.
We purified malaria DNA from cultures of P. falciparum grown in human blood. These preparations of malaria DNA were endotoxin-free, as assessed by the lack of an effect of the LPS inhibitor E5531 on HZ stimulation; furthermore, FL-DCs from TLR4-null mice responded similarly when compared with WT mice (data not shown). In addition, we used a commercial kit designed to look for the presence of bacterial DNA by PCR; none was found (data not shown).
We first tested the effects of malarial DNA as a potential stimulant of FL-DCs. Purified malaria DNA failed to detectably activate Flt-3-derived dendritic cells at concentrations as high as 50 g/ml (data not shown). This finding led us to consider our previous finding that TLR9 is localized in an endocytic compartment when DNA is internalized by plasmacytoid dendritic cells (23) . In addition, our older unpublished work with Escherichia coli DNA suggested that genomic DNA is not efficiently internalized into cells. One possibility for the failure to observe TLR9 activation by malarial DNA might have been that it was not being properly internalized into an intracellular compartment that had access to TLR9. The monocationic transfection reagent DOTAP has been used to target nucleotides into an endosomal compartment (27) . Hence, we mixed malaria DNA with DOTAP and ''transfected'' the DNA into mouse dendritic cells. Under these conditions, the DNA strongly activated cells to secrete IL12p40 and RANTES (Fig. 4B, black line) . The ability of HZ/DOTAP to activate FL-DCs was completely absent in cells from the TLR9 Ϫ/Ϫ mouse (data not shown). When we measured the quantity of DNA present on the surface of HZ, and determined the quantity of DNA per mole of HZ, we found that malarial DNA complexed to the surface of HZ was as potent as malaria DNA mixed with DOTAP, suggesting that HZ is as effective as DOTAP at targeting malaria DNA to an endosomal compartment (Fig. 4B, red line) .
Discussion
Very few topics related to the pathogenesis of a common clinical disorder are as poorly established as the biological basis of fever in malaria. On the one hand, there is widespread agreement that the basic rules of fever apply: cytokines with pyrogenic activity are secreted from phagocytes, circulate and alter temperatureregulatory systems in preoptic areas within the hypothalamus. Fever in malaria is temporally associated with the rupture of infected RBCs and the release of merozoites. Hence, it has long been assumed that the release of merozoites or some malarial waste product represent a pyrogenic malarial ''toxin.'' Because the parasite is coated with GPI anchors, many have long thought that this family of molecules represents the malarial toxin. Although we do not dispute such claims, we note that GPI anchors are an established TLR2 ligand (16) . We and others have found that the role of TLR2 in rodent malaria appears to be minor [(19) , D.T.G. and R.T.G., data not shown]. Furthermore, we and others have also found that purified late trophozoites and schizonts have no obvious TLR2-inducing activity [(18) and data not shown]. These data suggest that the influence of the GPI anchor on cytokine production is limited. Hence, although we believe that GPI anchors have importance in malarial pathogenesis, we have looked to other molecules as the primary inducer of fever.
HZ was the next most attractive molecule that appeared to be a cytokine inducer. Ironically, we initially focused on ␤-hematin, i.e., ''synthetic HZ,'' because it seemed less likely to be contaminated with endotoxin and other biologically active molecules than the natural product. This judgment was erroneous, because both ␤-hematin that is produced from a high-quality source of hemin chloride and the natural crystal that has been ''cleaned'' with nuclease have no apparent immunomodulatory activity. In contrast to what appears to be the currently prevailing opinion (if not the current dogma), we conclude that the pure HZ crystal cannot, by itself, activate a TLR.
This conclusion does not mean, however, that HZ lacks importance as a cause of fever in malaria. Our study suggests that HZ functions to internalize malaria DNA into an intracellular compartment where it may be sensed by TLR9. In other words, HZ has carrier properties, similar to DOTAP, and transforms malaria DNA from an otherwise harmless molecule to one that has the ability to potently generate cytokines.
On first glance, malaria DNA appeared to be an unusual DNA-based ligand for TLR9, because the P. falciparum genome is highly AT-rich (26) . Thus malaria DNA is a poor candidate for a TLR9 inducer. Mouse cells, for example, are optimally activated by oligonucleotides containing CpG sequences flanked by two 5Ј purines and two 3Ј pyrimidines, such as the motif GACGTT; human TLR9 is optimally triggered by the motif GTCGTT and/or TCGTA (28) . Over the last few years, DNA ligands for TLR9 have been categorized in three classes, A, B, and C. A-class oligonucleotides, are strong inducers of Type I interferons (29) , in contrast to B-class oligonucleotides, whose IFN-inducing activity is virtually nonexistent. C-class oligonucleotides have features of both classes.
Despite the AT-rich nature of the malaria genome, we found several ''classic'' CpG motifs in the malaria genome by genomewide scanning. We identified 269 sequences resembling the CpG B-class motif, whereas only two A-class and three C-class CpG motifs were found. Almost two thirds of the 20 most abundant CpG B-class sequences are located in subtelomeric regions and include some very important var genes, such as P. falciparum erythrocyte membrane protein 1 (PfEMP1). We have found that oligonucleotides based on malaria CpG-rich motifs are highly immunostimulatory [supporting information (SI) Table 1 and SI Fig. 6 ). In addition to classic CpG motifs, recent reports have also highlighted the potential for certain AT motifs, particularly those flanking a run of 4-5 Ts, to be TLR9 activators (30) . We have also identified several regions of the malaria genome that contain such motifs. Like the CpG-containing genes, over half of the 20 most abundant sequences were located in subtelomeric regions.
The larger question that remains unanswered in these studies is whether or not HZ is, in fact, the ''malaria toxin'' in humans. Such a question is difficult to answer in a compelling manner, although HZ crystal is often detected within the circulating phagocytes of septic patients. The coexpression of pyrogenic cytokines in such cells might be considered good evidence for a role for HZ in fever in human malaria, although this would not be conclusive evidence. TLR9 inhibitors are currently being developed for a variety of conditions, including immune disorders such as systemic lupus erythematosis. Ultimately, the administration of this class of drugs may be the best way we will have to determine the true significance of malarial DNA and TLR9 in malarial septicemia. Malarial DNA is coated with HZ; the activity of HZ as an inducer of TLR9 is due to malaria DNA. (A) PCR was performed by using 3.5 nmol of natural HZ or 25 ng of genomic DNA as template. Plasmodium-specific primers (P. falciparum, P. spp), human-specific primers (TLR7, TRAM), or mousespecific primers (CD14) were tested in the absence or presence of template as indicated in the table. Note that the presentation of the data required reorganization of digital images; the original gels can be seen as SI Fig. 5. (B) FL-DCs from WT mice were stimulated with 32, 75, and 150 M natural HZ (red X symbols) or purified genomic DNA (black squares) mixed with DOTAP. The x axis of the HZ data has been aligned to also indicate its content of genomic DNA. After 24 h, supernatants were analyzed by ELISA.
Materials and Methods
All of the experiments presented in this report were repeated on three occasions, except for that Fig. 4A , which was repeated twice.
Reagents. Unless otherwise stated, reagents were purchased from Sigma-Aldrich (St. Louis, MO). LPS from E. coli strain 0111:B4 was reextracted by phenol chloroform (31) to eliminate lipoprotein contamination. Two sources of hemin chloride were used. The first was Sigma-brand hemin chloride, which was extracted from cow blood and was guaranteed to be Ͼ80% pure; the second brand was Fluka-brand hemin chloride (Fluka, Buchs, Switzerland), purified by HPLC and guaranteed to be Ͼ98% pure. The purity of these preparations, as assessed by LC-mass spectrometry at the University of Massachusetts core facility, was Ϸ65% and Ͼ98%, respectively (data not shown). , MN) , except for mouse IFN-␣ (Bender MedSystems, Burlingame, CA). C57BL/6 WT mice were obtained from The Jackson Laboratory (Bar Harbor, ME). TLR knockout mice were provided by S. Akira (Osaka University, Osaka, Japan) and analyzed for genetic background by microsatellite analysis (Charles River Laboratories, Wilmington, MA). All mice were subsequently bred to Ն10 generations onto a C57BL/6 background. Antibodies for FACS were from BD Biosciences (San Jose, CA). DNaseI was from Invitrogen (Carlsbad, CA), RNase was from Ambion (Austin, TX), and Staphylococcus aureus S7 nuclease was from USB (Cleveland, OH). DOTAP was from Roche (Indianapolis, IN).
Synthetic HZ (␤-Hematin) Preparation. Synthetic HZ was prepared as described (32) . The dried pigment was suspended in endotoxin-free PBS (Cellgro, Herndon, VA) at a final concentration of 2.5 mg/ml and stored at Ϫ20°C.
Culture of Parasite and Preparation of Natural HZ. Erythrocytic stages of P. falciparum 3D7 isolate were cultured as described (33, 34) . The culture was checked monthly for Mycoplasma contamination (PCR Mycoplasma Test kit; MDB, St. Paul, MN). HZ was isolated by exploiting its metallic properties. The P. falciparum culture was washed once in PBS and suspended at a hematocrit of Ϸ2%. The RBC suspension was loaded onto an LS column (Miltenyi Biotec, Auburn, CA) and placed in the MACS separator. The magnetic field allowed the free HZ to be purified because the flow rate was too fast for the retention of infected RBCs. The column was washed with PBS and removed from the magnetic field, and the HZ was eluted, quantified, and frozen at a concentration between 2.5 and 3.7 mM. The quantity of DNA associated with HZ was estimated by OD reading after sequential phenol-chloroform extraction and used for the calculations in Fig. 4B .
Heme Quantitation. Total heme content was determined by depolymerizing HZ in 6 ml of 20 mM NaOH/2% SDS and incubating the suspension at room temperature for 3 h. An OD reading at 400 nm was then obtained on a Spectronic 20 (Milton Roy, Rochester, NY); 25 g of ␤-hematin or natural HZ contains 26-29 nmol of heme (35) . P. falciparum Genomic DNA Preparation. DNA from P. falciparum culture was purified by using three consecutive phenolchloroform extractions followed by ethanol precipitation. The DNA was washed six times in 70% ethanol and subjected to RNase treatment. DNA was analyzed for the presence of contaminating bacterial DNA by using a commercial PCR kit designed for this purpose (Onar EUB; Minerva Biolabs, Berlin, Germany).
PCR Analysis of HZ. PCR was performed by using a stock solution of HZ (3.5 mM) or genomic DNA from human or mouse cells as template (25 ng of DNA per microliter). PCRs included the following: 17.3 l of H20, 2.5 l of 10ϫ Hotmaster Taq buffer (Eppendorf, Hamburg, Germany), 1.25 l each of 10 M primers, 0.5 l of dNTP mix (10 mM), 0.2 l Hotmaster Taq, and 1 l of template with and without water. PCR conditions were: one cycle at 95°C for 1 min; 35 cycles at 95°C for 45 sec, 58°C for 45 sec, 72°C for 1 min; and one cycle at 72°C for 8 min. The P. falciparum and Plasmodium spp. PCR primers are described in ref. 24 . The sequences of the human and mouse primers used are as follows: hTLR7: 5Ј-C CCCAGCGTCCTTTCACAGA-3 and 5Ј-CGAGGGCAATTTCCACTTAGGTC-3Ј; hTRAM: 5Ј-TCAGAGCGTGGAAGAGATGT-3Ј and 5Ј-CCGCATGGG-TATAACAGAGT-3Ј; mCD14: 5Ј-CCAAGTTTTAGCGCT-GCGTAAC-3Ј and 5Ј-GCCAGCCAAGGATACATAGCC-3Ј. PCR products were analyzed on a 3% agarose gel.
Cells. The B16 cell line (36) stably expressing a retrovirus coding FLT3 ligand (FLT3-L) was the source of FLT3-L; levels of FLT3-L in culture supernatants were quantified by ELISA. FL-DCs were generated by culturing bone marrow cells with 100 ng of FLT3-L per milliliter for 7 days in RPMI medium 1640 (Invitrogen) containing 0.1 mM MEM nonessential amino acid (Invitrogen), 10% heat-inactivated FBS (HyClone, Logan, UT), 1 mM sodium pyruvate, 2 mM L-glutamine (Cellgro), 50 mM ␤-mercaptoethanol, and 10 g of ciprofloxacin per milliliter (Bayer, West Haven, CT). Flow cytometry demonstrated that 92-96% of the cells were CD11c ϩ ; CD11c ϩ cells were approximately half mDC (CD11b ϩ /B220 Ϫ ) and half plasmacytoid dendritic cells (CD11b Ϫ /B220 ϩ ).
Generation of Chimeric TLR2:Fc and TLR9:Fc Fusion Proteins. The soluble extracellular domain of human TLR2 was produced as an Fc fusion protein in a retroviral shuttle vector, pCLNCX4, and expressed as a secreted protein in HEK293 cells (37) . In the case of TLR9, the ectodomain was cloned into pcDNA3 (Invitrogen) and expressed as an intracellular protein in HEK293 cells, exactly as for full-length TLR9 (23) . Cells were grown in protein-free medium (293CD; Invitrogen). The TLR fusion proteins consisted of the extracellular domains of either human TLR2 (amino acids 1-587) or hTLR9 (amino acids 26 -819) fused in-frame with the C-terminal 233-aa Fc portion of mouse IgG 2a ; in the case of TLR2, the protein was modified by the addition of the linker sequence GAAGGG, which is necessary for efficient secretion. Secreted Fc chimeric proteins were purified from culture supernatants (TLR2:Fc) or cell lysates (TLR9:Fc) by protein A affinity chromatography (GE Healthcare Bio-Sciences, Piscataway, NJ). Plates were then washed three times in PBS-0.05% Tween 20, blocked with Superblock (Pierce) for 1 h, and incubated with 2 g of TLR fusion protein per milliliter at room temperature for 2 h. After three washes, Fc-TLRs bound to their ligands were detected by using Alexa Fluor 488 anti-mouse IgG (Molecular Probes, Eugene, OR). The f luorescence of each sample was measured at 535 nm after excitation at 485 nm by an Envision plate reader (PerkinElmer). The results are presented as the average of triplicate determinations (ϮSD).
